Abstract Endophytic bacterial strains from root tissue of strawberry were screened for their efficacy in growth improvement and control of Phytophthora blight disease of chili pepper plant under greenhouse condition. Plants treated with the strain EP103, identified as Pseudomonas fluorescens, showed growth improvement in terms of fresh weight and root length compared to the untreated control and other endophytic strains. When challenged with Phytophthora capsici, there was significant reduction of disease in EP103 treated plants with an efficacy of 78.7%. There was no direct inhibition of the target pathogen by EP103 when tested under in vitro antibiosis assay. Analysis of differential expression of selected marker genes for induced systemic resistance (ISR) in plants treated with EP103 and challenged with P. capsici showed upregulation of PR1 and PR10 pathogenesis-related (PR) proteins. PCR analysis showed that EP103 produced secondary metabolites such as pyoluteorin, pyrrolnitrin, hydrogen cyanide and orfamide A. This study indicated the potential of endophytic P. fluorescens strain EP103 as an efficient biocontrol agent against P. capsici in chili pepper plant.
Introduction
Endophytic bacteria are the residents of plant tissues, particularly the intercellular spaces and vascular tissues, which do not harm the host plant but provide beneficial effects (Zinniel et al. 2002 and Hallmann et al. 1997 ). The population and diversity of endophytes is dependent on various factors like soil condition, crop rotation, population of phytopathogens and other colonizing microbes (Hallmann et al. 1997) . These bacteria colonizing the internal tissues of plants have been considered as a rich source of functionally diverse microorganisms capable of establishing a mutualistic association with host plants (Azevedo et al. 2000) . Endophytes have been reported to promote plant growth and yield, suppress phytopathogens, remove contaminants, solubilize nutrients like phosphate, and provide nitrogen to plants (Rosenblueth and Martinez-Romero 2006) . Beneficial rhizosphere bacteria are also known to colonize the internal roots and stems indicating that these bacteria can be a source of endophytes (Germaine et al. 2004) . Therefore, search for source of potential plant growth promoting rhizobacteria (PGPR) has widened from rhizosphere and phyllosphere to internal tissues of roots. The population of endophytic bacteria is lower than rhizospheric bacteria or bacterial pathogens (Hallmann et al. 1997 and Martínez-Romero 2004) . Endophytes are affected by biotic and abiotic factors similar to rhizobacteria (Hallmann et al. 1997 and Seghers et al. 2004 ). However, due to internal tissue colonization by endophytic bacteria, these could be better protected from biotic and abiotic stresses than rhizospheric bacteria (Hallmann et al. 1997) .
However, in contrast to other plant-microbe association the molecular mechanisms involved in host-endophytic bacteria interaction is limited. Studies have reported similar mechanisms for endophytic bacteria as in PGPR (Compant et al., 2005) . Nitrogen fixation (Iniguez et al. 2004 and Hurek et al. 2002) , production of phytohormones, nutrient mobili-zation and competition, enhancing the availability of minerals (Persello-Cartieaux et al. 2003 and Sturz et al. 2000) are some of the factors contributing towards growth and yield improvement. Biocontrol of phytopathogens due to production of antifungal or antibacterial agents, siderophore production and induction of systematic resistance (ISR) are the indirect mechanisms of growth promotion. Production of adenine ribosides have been reported for endophytes from pine that stimulate growth and mitigate browning of pine tissues (Pirttilä et al. 2004 ). Bacterial endophytes are also known to suppress nematode proliferation benefitting plant growth (Sturz and Kimpinski 2004) .
Production of antibiotics by beneficial rhizospheric and endophytic bacteria, especially in several strains of fluorescent pseudomonads, has been recognized as a major factor in suppression of pathogens (Dowling and O'Gara 1994) . A number of disease-suppressive antibiotic compounds have been characterized such as phenazines, pyrrole-type antibiotics, pyo-compounds and indole derivatives. The antibiotics pyoluteorin, pyrrolnitrin, phenazine-1-carboxylic acid (PCA) and 2,4-diacetylphloroglucinol (2,4-D) are major determinants in biological control. Hydrogen cyanide (HCN) and orfamides as potential antimicrobial secondary metabolite have been well established contributing towards disease control by Pseudomonas (Lanteigne et al. 2012 , Raaijmakers et al. 2010 and Bhatia et al. 2005 .
Disease control through ISR by beneficial bacteria, especially against soil borne pathogens, is associated with a state of increased defense activity in plants stimulated by specific biotic or chemical factors Shulaev 2003, van Loon et al. 1998) . Differential regulation of pathogenesis-related (PR) proteins on application of beneficial bacteria leads to ISR in host plant thereby resulting in biocontrol of diseases (Van Wees et al. 2008 and . Signalling pathways involved for ISR by P. fluorescens include salicylic acid-(SA), jasmonic acid-(JA) and ethylene-(ET) mediated (Wang et al. 2005) .
The present study involved characterization of potential non-pathogenic endophytic bacteria for growth promotion and biocontrol of diseases. A P. fluorescens strain EP103 originally isolated from the root tissue of strawberry was effective in controlling the blight caused by Phytophthora capsici. The bacteria significantly reduced the Phytophthora blight in chili pepper plant under greenhouse condition. We studied the diverse functions of EP103 such as antifungal activity, ISR and production of secondary metabolites. A PCR analysis of EP103 was done for the present study using gene-specific primers to check the production of some major secondary metabolites which are characteristic for antagonistic activity of P. fluorescens. We also studied the expression pattern of some selected defense-related marker genes in EP103 treated chili pepper plants when challenged with P. capsici.
Our studies indicated that endophytic P. fluorescens effectively improved growth of chili pepper and reduced Phytophthora blight under greenhouse condition. We also attempted to understand the mechanisms involved in the interaction.
Materials and Methods

Microorganisms
Endophytic bacterial strains from the culture collection of our laboratory were taken for the present study. Four isolates designated as EP103, TS62, TS66 and TS71 were originally isolated from the root tissue of strawberry. Briefly, strawberry roots were surface sterilized, crushed and plated in tryptic soy agar (TSA) and Kings' B media (KB) after serial dilution for isolation of endophytes. Distinct colonies were isolated and maintained at −80°C in TS broth (TSB) with glycerol (20%) for long-term storage. Isolated bacteria were identified using 16S rRNA analysis.
The fungal pathogen Phytophthora capsici was obtained from the Korean Agriculture Cultural Collection (KACC), National Academy of Agricultural Sciences (NAAS), Suwon, South Korea. The P. capsici zoospore inoculum was prepared as described by Ploetz et al. (2002) . The zoospore suspensions were adjusted to a final concentration of 1 × 10 5 zoospores/mL using a hemacytometer before the challenge inoculation.
Effect of selected endophyte on growth and suppression of Phytophthora blight in chili pepper under greenhouse condition Chili pepper (Capsicum annum L.) cv. Hanbyul seedlings were grown for three weeks and treated with 50 mL of the bacterial suspension (1 × 10 8 cfu/mL) by soil drenching in plastic pots (15 × 12 cm) containing soilless potting mix (TKS2, Flora Gard Ltd., Germany). Plants were challenged with zoospores of P. capsici after one week of bacterial treatment. Disease severity was recorded after 7 days of challenge inoculation using Phytophthora blight score ranging from 0 (no symptoms) to 10 (dead plant). Distilled water and 0.1 mM Benzothiadiazole (BTH) treatments were taken as negative and positive controls, respectively. Plants without pathogen treatment were analyzed for growth promotion. Root length and fresh weight of plants were measured after 4 weeks of bacterial treatment.
In vitro antibiosis assay of isolated endophytes against P. capsici
The endophytic bacterial isolates as above were studied for in vitro antibiosis test against the target pathogen P. capsici. For this, the dual culture plate technique was used with potato dextrose agar (PDA) media. Mycelial plugs were placed on one side of PDA plates and bacterial isolate was placed on the other side loaded in sterile filter paper disks (8 mm diameter, Advantec Co. Japan). The plates were incubated at 28°C for 7 days and inhibition zone was recorded in diameter (mm). Five replications were performed per treatment.
qRT-PCR studies for marker genes of ISR in chili pepper
Three-week-old chili pepper seedlings were treated as above with EP103 suspension. Distilled water and BTH (0.1 mM) were taken as negative and positive controls, respectively. Twenty four hours after challenge inoculation of P. capsici zoospore suspensions (1 × 10 5 zoospores/mL), third leaf of plants were collected and frozen in liquid nitrogen until further use. Total RNA was isolated using the easy-spin TM IIP Total RNA Extraction Kit (iNtRON Biotechnology, South Korea). Expression of defense-related genes PR-1 and PR-10 were analyzed using semi-quantitative RT-PCR (Kishimoto et al. 2005) with Ex Taq polymerase (Takara Biomedicals, Otsu, Japan). The gene-specific primer pairs used in this study were designed and are listed in Table  1 (Sang et al. 2010 ). The reaction mixture contained 0.1 µg of cDNA, 10 pMol each of the forward and reverse primers, 250 nM dNTPs and 0.5 U of Ex Taq polymerase in 20 µl of buffer solution. PCR was conducted in a MJ Research thermal cycler (PTC-100, USA) and conditions were as follows: denaturation at 94ºC for 5 min followed by 25 cycles at 94ºC for 1 min, annealing at 57ºC for 1 min and extension at 72ºC for 1 min followed by a final extension at 72ºC for 10 min. The PCR products were separated by electrophoresis on 1.5% agarose gels at 80 V for 60 min. The experiments were conducted twice with three replicates (plants).
PCR analysis for production of selected secondary metabolites from P. fluorescens Total DNA was isolated from EP103 according to standard protocol (Sambrook et al. 1989 ). The oligonucleotide primers (Table 1) were developed from sequences available in NCBI for respective genes of P. fluorescens. PCR amplification was carried out with 25 µL reaction mixture containing 20 ng of total DNA, 1x PCR buffer, dNTPs, 20 pmol of each primer and 0.5 U of Ex Taq polymerase. Amplifications were done in MJ Research thermal cycler (PTC-100, USA) with the following conditions: denaturation at 94ºC for 2 min followed by 30 cycles at 94ºC for 60 s, 67ºC for 45 s and 72ºC for 60 s. The PCR products were separated by electrophoresis on 1.5% agarose gels at 75 V for 2 h and products visualized with a UV transilluminator.
Results and Discussion
Of all the endophytes tested under greenhouse condition, chili pepper plants treated with suspension of EP103 as soil drench showed improvement in growth as compared to control. Root length and fresh weight of plants was higher as compared to untreated control and other endophytic treatments (Table 2) . On challenge inoculation with P. capsici, plants Fig. 1 and Table 2 ). Compared to other endophytes, EP103 gave the best result in terms of growth and disease control. Similar result of endophytic P. fluorescens inducing plant growth enhancement and disease control in Arabidopsis has been reported earlier (Wang et al. 2005) .
In vitro antibiosis assay of the endophytes resulted in no inhibition by EP103 and TS66 against P. capsici (Fig. 2) . The strains TS71 showed significant inhibition zone but were not effective under greenhouse condition when treated plants were challenged with P. capsici. Since the strain did not show any antibiosis against the target pathogen, to understand the mechanism of disease control, the expression of some defence-related marker genes were studied in plants treated with EP103 and challenged with P. capsici as compared to control. Of all the genes studied, there was significant upregulation of PR1 and PR10 in EP103 treated plants (Fig. 3) . Untreated control did not show any band for PR1 and a basal level expression of PR10. PR1 is a marker gene for SAsignaling pathway whereas PR10 is JA/ET-induced (Yang et al. 2009 and Cameron et al. 1999) . Induction of defense gene PR1 is essential for establishment of resistance in chilli pepper (Lee and Hwang 2005) . Induction of PR10 genes in response to biotic stress has been reported earlier in pepper along with other plants like maize (Xie et al. 2010 , Park et al. 2004 ). The enhanced expression of marker genes PR1 and Fig. 2 . Antifungal activity as zone of inhibition of different endophytic strains against P. capsici under in vitro antibiosis assay. Dual culture test was done using PDA media with mycelia plug on one side of the the Petri plate and bacterial suspension embedded in sterile paper discs on the other side.
Plates were incubated at 28 o C for 7 days and inhibition zone was recorded in diameter (mm).
PR10 indicate that application of EP103 in chili pepper triggered the ISR-mediated defense response when challenged with P. capsici (Fu and Dong 2013) .
The selected potential endophytic strain EP103 was identified based on complete 16S rRNA analysis using universal primers. It was identified as Pseudomonas fluorescens strain. Once identified, we checked for the production of secondary metabolites characteristic to Pseudomonas using gene-specific primers. EP103 produced pyoluteorin, pyrrolnitrin, HCN and orfamide A as evident by PCR detection (Fig. 4) . Antibiotics like pyoluteorin and pyrrolnitrin from Pseudomonas have been reported to play major role in disease control. A variety of antibiotics such as phenazines, pyrrole-type antibiotics, pyo-compounds and indole derivatives have been identified to be produced by pseudomonads (De Souza et al. 2003 , Nielson and Sorensen 2003 and Dowling and O'Gara 1994 . Secondary metabolites with antibiotic activity like phenazines, pyrroles, acetylphloroglucinols and cyanides from Pseudomonas are also reported (Defago and Haas 1990) . Pyoluteorin is produced by several Pseudomonas species, including strains that suppress plant diseases caused by phytopathogenic fungi (Kraus and Loper 1995) . Pyrrolnitrin [3-chloro-4-(2'-nitro-3'-chloro-phenyl) pyrrole] is a broad spectrum antifungal metabolite produced by many fluorescent and non-fluorescent Pseudomonas strains (Howell and Stipanovic 1979) . A phenyl pyrrol derivative of pyrrolnitrin has also been developed as an agricultural fungicide (Dwivedi and Johri 2003) . The production of HCN by Pseudomonas has been reported to be involved in disease control and antibiosis (Lanteigne et al. 2012) . Orfamides are cyclic lipopeptides with biosurfactant properties influencing surface adhesion and biofilm development of Pseudomonas (Raaijmakers et al. 2006) . Orfamidedeficient mutants exhibited reduced swarming motility and deformed biofilm formation (Gross et al. 2007 ). It has been reported that zoospores of Phytophthora lysed when exposed to orfamide (Gross et al. 2007 ).
However, disease suppression is a multifunctional attribute. Although the strain EP103 did not inhibit the growth of P. capsici under antibiosis assay, direct antagonism cannot be ruled out since it produces a range of antifungal compounds. Moreover, it has been reported earlier that the media used for bacterial growth influenced the antagonistic activity and production of antibiotics in Pseudomonas (Michelsen and Stougaard 2012) . They reported that on cultivation in carbohydrate-rich potato dextrose media, P. fluorescens did not produce HCN and therefore, were unable to inhibit the fungal growth. Similar may be the case of other antibiotic production which might influence the direct antagonism of EP103.
From this study we conclude that P. fluorescens strain EP103 is a potential candidate for growth enhancement and biocontrol of P. capsici in chili pepper. The mechanisms involved may be direct antagonism due to production of secondary antimicrobial compounds or triggering the defence system of the host plant. 
